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ABSTRACT
In order to capture more energy, wind turbines are rapidly growing in height and rotor size. This growth increases the likelihood that
soil structure interaction effects may influence the structural dynamic response. Current 3 MW turbines tower over the landscape with
an 80 meter hub height and a 90 meter rotor diameter. This paper models a full soil structure system for the National Renewable
Energy Laboratory onshore 5 MW reference wind turbine with a hub height of 90 meter and a 126 meter rotor diameter. A detailed
finite element model of the turbine is created, including a full three dimensional soil mesh to study the influence of soil structure
interaction on the dynamic properties and response. The tower moment and shear demand is presented after the turbine is modeled on
3 - 15 meter thick soil profiles of varying stiffness and subjected to a 1994 Northridge Earthquake record. The investigation provides
valuable insight into the extent that soil structure interaction influences the behavior of this new generation of large wind turbines.
INTRODUCTION
Installation of wind farms continues to grow briskly
throughout the world with almost 20 GW of capacity erected
in 2007 and total production rapidly approaching 100 GW
worldwide (Wiser and Bolinger 2008). Over one quarter of
the turbines installed in 2007 reside in the United States (US),
India, and China (Wiser and Bolinger 2008), all of which
contain regions of high seismic hazard. Regulating bodies in
the wind industry have noticed this growth of wind power in
seismic regions and have recently added some seismic
requirements for the certification of wind turbines (GL 2003,
IEC 2005).
The growth of wind turbine installation is leading to an
increased interest in addressing the related seismic loading
considerations. Early investigations (Bazeos et al. 2002,
Lavassas et al. 2003) focused on loading of the tower using
models that lump the nacelle and rotor as a point mass (Fig.
1). Gradually, interest shifted from these simple models to
more refined models that also consider loads for turbine
components other than the tower (Ritschel et al. 2003,
Jonkman and Buhl 2005, Witcher 2005, Haenler et al. 2006,
Zhao and Maisser 2006). In addition to modeling techniques,
effects such as soil structure interaction (SSI) have been
investigated through equivalent springs and dampers (Bazeos
et al. 2002, Zhao and Maisser 2006).

Fig. 1. Schematic of wind turbine geometric configuration.
Expanding on previous investigations, this paper presents the
influence of SSI on the seismic response of the United States
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National Renewable Energy Laboratory (NREL) 5MW
reference turbine (Jonkman et al. 2009). First, a detailed finite
element (FE) model of the turbine is created and validated by
comparison with published properties of the NREL 5MW
reference turbine, and extended to include a full threedimensional soil mesh. The soil-turbine system is then
modified to simulate 3 different 15 meter thick soil profiles
and subjected to a 1994 Northridge Earthquake record. Using
these models simulations are conducted to further assess the
influence of SSI on the relative distribution of tower moment
and shear demand.
TURBINE AND FOUNDATION DESCRIPTION
The National Wind Technology Center (NWTC) located at
NREL has published specifications for a reference 5MW
turbine (Table 1). This reference model is intended to serve as
a standard model for conceptual studies of modern multimegawatt turbines. Being a slender structure with a hub
height of 90 meters, this turbine is similar to structures that
might experience significant SSI effects (Luco 1986).
Table 1. Main parameters of wind turbine.
Type
Power rating
Rotor Configuration
Control
Drivetrain
Hub Height
Cut-in Wind Speed
Rated Wind Speed
Cut-out Wind Speed
Rotor Speed Range
Rated Tip Speed
Rotor diameter
Tower height
Hub height
Mass of rotor
Mass of nacelle
Mass of tower

Horizontal wind turbine
5MW
3 blade upwind
Variable speed, collective pitch
High speed, multiple-stage gearbox
90 m
3 m/s
11.4 m/s
25 m/s
6.9 to 12.1 RPM
80 m/s
126 m
87.6 m
90 m
111,000 kg
240,000 kg
347,460 kg

column elements. Previous work suggests that a beam-column
model can provide results that are consistent with more
detailed shell models for towers (Bazeos et al. 2002) as well as
turbine blades (Malcolm and Laird 2003). This simple
configuration represents the predominant approach for
numerical modeling of wind turbines for seismic applications
(Bazeos et al. 2002, Ritschel et al. 2003, Jonkman and Buhl
2005, Witcher 2005, Haenler et al. 2006).
The FE model was implemented using the computational
platform OpenSees (Mazzoni et al. 2006). The tower (Fig. 1)
was divided into 100 beam-column elements with a flexural
stiffness based on the cross section of the tower at the center
of each element (Jonkman et al. 2009). A total of 48 beamcolumn elements per blade were used to simulate the mass and
stiffness distribution (Jonkman et al. 2009) (Fig. 1).
With a Young’s Modulus for steel of 210 GPa, the above
model closely matches the relevant natural frequencies (Table
2) reported for the FAST model of the NREL 5MW reference
turbine (Jonkman et al. 2009). The 1st tower bending mode
shapes are shown in Fig. 2 and Fig. 3. The 2nd tower bending
modes can be observed in Fig. 4 and Fig. 5. Though the
turbine tower is rotationally symmetric it is important to
consider tower bending modes in both directions because the
nacelle and rotor result in different natural frequencies and
mode shapes for each direction.
Table 2. Fixed base model natural frequencies.
Mode
1st Tower Fore-Aft
1st Tower Side-to-Side
2nd Tower Fore-Aft
2nd Tower Side-to-Side

Predicted Frequency (Hz)
FAST
OpenSees
0.32
0.32
0.31
0.31
2.90
2.75
2.93
2.95

In this study a proprietary turbine foundation is considered
that consists of a hollow cylindrical concrete shell with a 6.5
meter outer diameter that extends 9 meters below ground
surface. Outer and inner corrugated metal shells 0.3 meters
apart constitute the hollow cylinder with concrete poured in
between. The inner shell is then backfilled with the excavated
soil. The turbine tower is attached to the foundation through
un-bonded post tensioned bars that extend to the bottom of the
foundation.
FIXED BASE FE MODEL DESCRIPTION

Fig. 2. First fore-aft bending mode for fixed base model.

A simple fixed base FE model was developed that represented
the turbine tower, nacelle, and rotor (Fig. 1) through beam-
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SSI MODEL DEVELOPMENT
Previous investigations have considered SSI for wind turbines
by using equivalent springs and dampers (Bazeos et al. 2002,
Zhao and Maisser 2006). Theory exists to make these springs
and dampers independent of the soil and structure system
natural frequencies, but large errors may occur in the soilstructure system response at resonance (Ghaffar-Zadeh and
Chapel 1983).
In this investigation, a full soil mesh is used in order to avoid
this source of possible error.
Given the continued
proliferation of computational power, this approach may prove
to be more direct in certain respects. In addition, it is more
adaptable to realistic sites where the soil profile is layered.

Fig. 3. First side-to-side bending mode for fixed base model.

To numerically consider the impact of SSI for a wind turbine,
the fixed base model was extended using OpenSeesPL (Lu et
al. 2006) to include a soil domain and a foundation model
(Fig. 6). Linear elastic brick elements with appropriate
stiffness and density were used to model the foundation and
soil. The soil is modeled first as stiff clay (Table 3). The
foundation, described earlier, was modeled as a hollow
cylinder of elastic material. In this analysis model, the
foundation and adjacent soil remain in perfect contact.

Fig. 4. Second fore-aft bending mode for fixed base model.
Fig. 6.Close up of foundation detail in soil mesh.
Table 3. Summary of soil properties (Mazzoni et al. 2007).
Soil Type
Density (ton/m3)
Shear Modulus (kPa)
Bulk Modulus (kPa)

Soft
1.3
1.3 x 104
6.5 x 104

Medium
1.5
6 x 104
30 x 104

Stiff
1.8
15 x 104
75 x 104

To minimize boundary effects, the soil was modeled to a depth
of over 200 meters and a horizontal distance of over 400
meters. The total model consisted of over 1,300 soil elements.
Fig. 7 shows the scale of the mesh in comparison to the size of
the turbine. Other meshes were evaluated to verify that the
reported results were not influenced by the soil model
geometry.
Fig. 5. Second side-to-side bending mode for fixed base
model.
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When modeled with the soil mesh, the first natural frequency
occurred at 0.3 Hz for both the fore-aft and side-to-side
bending modes. This is close to the fixed base frequency
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(Table 2). Observing the mode shapes (Fig. 8 and Fig. 9)
shows little influence from the soil mesh on base rotation
because of the relative stiffness of the soil and foundation
system in comparison to the turbine tower. The second
bending mode was predicted at 2.75 Hz for the fore-aft mode
and 2.93 Hz side-to-side mode, which closely matches the
frequencies of the fixed base model. Again, the mode shape
(Fig. 10 and Fig. 11) shows little base rotation.
Table 4. Comparison of natural frequencies for turbine and
soil models.
Model
1st Tower Fore-Aft
1st Tower Side-to-Side
2nd Tower Fore-Aft
2nd Tower Side-to-Side

Stiff
Soil
0.30 Hz
0.30 Hz
2.73 Hz
2.93 Hz

Medium
Soil
0.30 Hz
0.30 Hz
2.74 Hz
2.92 Hz

Soft
Soil
0.28 Hz
0.28 Hz
2.68 Hz
2.68 Hz

Fig. 8. First fore-aft bending mode for stiff soil model.

Fig. 7. Full three-dimensional model of soil and turbine.
SSI IMPACT FOR SOFTER SOIL SCENARIOS
The numerical data presented above shows little SSI effect on
the first and second longitudinal bending modes for a turbine
founded on stiff clay. To explore the influence of softer soils,
the soil properties were modified to create additional medium
and soft ground scenarios. A summary of the elastic soil
properties is shown in Table 3.

Fig. 9. First side-to-side bending mode for stiff soil model.

The impact of SSI on modal frequencies for the three soil
stiffness scenarios is shown in Table 4. The resulting mode
shapes for the medium stiffness clay were similar to those of
the stiff soil model (Fig. 8, Fig. 9, Fig. 10, and Fig. 11). When
the stiffness of the soil mesh was further reduced to the soft
scenario, the first natural frequencies were lowered to 0.28 Hz
for the fore-aft and side-to-side modes (Fig. 12 and Fig. 13).
The corresponding second natural frequency for both the
second fore-aft and side-to-side modes was found to be 2.68
Hz (Fig. 14 and Fig. 15). The second mode in particular shows
a pronounced influence from the soil mesh, observable mainly
as a rotation of the foundation within the soil (Fig. 14 and Fig.
15). The fore-aft second mode (Fig. 14) further shows a clear
influence of added mass from the soil.
Fig. 10. Second fore-aft bending mode for stiff soil model.
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Fig. 11. Second side-to-side bending mode for stiff soil model.

Fig. 14. Second fore-aft bending mode for soft soil model.

Fig. 12. First fore-aft bending mode for soft soil model.

Fig. 15. Second side-to-side bending mode for soft soil model.
EARTHQUAKE LOADING FOR DIFFERENT SOILS
For simulations of earthquake loading the soil portion of the
SSI models was modified to consist of a 15 meter layer of clay
underlain by rock. A recording of the 1994 Northridge
Earthquake at a granitic rock site was used as the input motion
at the base of the clay layer. For this soil profile the same
three stiffness values (Table 3) previously investigated for
influence on modal parameters were simulated. Table 5
shows the analytically calculated (Kramer 1996) and
simulated first resonant frequencies of the soil layers. A soil
thickness of 15 meters was selected as it is a plausible soil
layer. Further consideration was given to ensure the resulting
resonances (Table 5) did not directly coincide with those of
the fixed base turbine (Table 2) or those calculated with the
influence of the respective soils (Table 4).

Fig. 13. First side-to-side bending mode for soft soil model.
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Table 5. First resonant frequencies of 15 meter soil layer.
Soil Type
Analytical first resonance
FE Model first resonance

Soft
1.7 Hz
1.7 Hz

Medium
3.3Hz
3.3 Hz

Stiff
4.8 Hz
4.8 Hz

tower moments at each time step. The resulting moment and
shear demand for each of the three soil stiffness scenarios is
shown in Fig. 18 and Fig. 19, respectively.

The three SSI models were then subjected to the 1994
Northridge Earthquake record (6.7 moment magnitude) as
recorded at the California Strong Motion Instrumentation
Program (CSMIP) station 24399, Mt. Wilson. The recording
was measured 36.7 km from the source fault and contains a
peak ground acceleration of 228.5 cm/s2, 130.7 cm/s2, and
87.1 cm/s2 in the North-South, East-West, and Up-Down
directions, respectively. The North-South component was
imparted in line with the turbine drive shaft, the East-West
component was applied horizontally perpendicular to the drive
shaft, and the Up-Down component was applied vertically.

Fig. 17. Absolute acceleration at soil surface for soft profile.

Fig. 16. Input motion used for simulations from 1994
Northridge Earthquake.
SIMULATION RESULTS
With a relatively low damping value of 2% employed for the
soil domain in simulations, the soil layer both amplified and
altered the relative amplitude of different frequency
components from the input motion. The absolute acceleration
at the soil surface for the soft soil profile is shown in Fig. 17.
Similar amplification was observed for the other soil profiles.
In addition to translation, the turbine base is also subjected to
rotation as a result of soil compliance.
To investigate the possible implications of the three scenarios
on design, the maximum moment and shear demand at the
base, at 9 locations along the tower, and at the top of the tower
(Fig. 1) were calculated. This maximum was taken from the
square root of the sum of the squares (SRSS) of the horizontal
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Fig. 18. Tower moment demand for soil profiles.
As each of the scenarios resulted in different input motions at
the turbine base, a comparison of moment and shear
magnitudes is not instructive. Instead, it is of interest to
observe the difference in distribution of maximum moment
and shear because this may require redesign of the upper
portion of the tower, where it is generally assumed to have
considerably lower demand.
All simulations show a second peak in maximum moment
demand (Fig. 18) near the point of maximum displacement in
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the second tower bending mode (Fig. 4 and Fig. 5) not found
in fixed base simulations of earthquake loading for smaller
turbines (Ritschel et al. 2003, Prowell et al. 2009). In the
medium stiffness soil simulation, the moment demand shows a
higher value compared to the other simulations. The soft soil
simulation shows a more uniform maximum moment demand
for the tower in comparison to the two other simulations.
In contrast, the simulations show a minimum in shear demand
(Fig. 19) near the point of maximum displacement in the
second tower bending mode (Fig. 4 and Fig. 5). The medium
soil profile results in a maximum in shear demand around 20
meters up the tower instead of the expected location at the
base of the tower.

differences in natural frequencies, this shift in demand
parameter distribution may influence turbine design. In
particular, the increased demand at higher elevations, near
maximum displacement in the second mode, may require
special consideration of this portion of the tower for large
turbines installed in seismically active regions.
This
conclusion is specific to the ground motion and soil profile
considered. It is important for consideration of soil structure
interaction that local site conditions and a range of carefully
selected ground motions that match the anticipated shaking for
the proposed site be selected.
Wind turbines are installed in all soil types throughout the
world. This investigation found that for this particular 5 MW
turbine reference model, SSI influence on the first and second
longitudinal bending modal parameters may be relatively
minor, while maximum moment and shear demand
distribution (along the tower height) may be more significant.
This observed influence is specific to the configuration
considered here and may be mitigated in actual turbines by
appropriate redesign of the tower and foundation to minimize
SSI influence. With current trends toward taller and more
massive turbines (Wiser and Bolinger 2008), it is important to
conduct further SSI research as an integral component of
seismic response studies.
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Fig. 19. Tower shear demand for soil profiles.
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